Abstract:
Introduction
Palladium has a vital importance in human life due to the frequent increase in its demands in the different ordinary and advanced fields of industry such as: jewelry and ornaments, electronics, telephone circuits, heat and corrosion resistance apparatus, catalysts and dental alloys [1] . Thus, due to its increasing use on the one hand and the toxicity of palladium(II) compounds to mammals, fish and higher plants on the other hand [2] , development of analysis methods for the accurate and precise determination of traces of palladium is meaningful for quality control of industrial products, environmental monitoring as well as palladium ore exploration.
The abundance of palladium is extremely low in environments, mostly from pg g −1 to µg g −1 levels. In addition, it occurs only in the limited areas and countries [3] . Therefore, as the levels of palladium in geological and environmental samples are low, preconcentration and separation of palladium(II) from other noble and transition elements is essential prior to its determination by various instruments [2] .
The widely used analytical techniques for the detection of the palladium in real samples are inductively coupled plasma emission spectrometry [4] , inductively coupled plasma-mass spectrometry [5] , electrothermal atomic absorption spectrometry [6] , high performance liquid chromatography [7] , diffusion reflection spectrometry [8] , spectrophotometry [9] and flame atomic absorption spectrometry (FASS) [2, [10] [11] [12] [13] . In the determination of traces of palladium in the industrial materials and environmental samples, serious interferences often occur owing to matrix components and the content of palladium is so low. Therefore, palladium cannot be
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In the present work, a new SiO 2 /TiO 2 /Ce, nanoparticle was synthesed using sol-gel method and evaluated as an adsorbent for preconcentration trace amounts of Pd(II) ions. The characterization of the nanoparticles has been studied by transmission electron microscope and X-ray diffraction. The preconcentration method is based on palladium adsorption onto the surface of nanoparticle at pH 8.5. The main factors affecting Pd(II) adsorption, such as pH of sample solution, concentration and volume of eluent, sample volume, interfering of the coexisting ions and flow rate of sample and eluent were investigated and optimized. At optimum conditions, linearity was maintained between 4.0 to 1000.0 ng mL . Seven replicate determinations of a solution containing of 12.5 µg palladium gave a relative standard deviation ±1.7%. According to the Langmuir linear model, the maximum adsorption capacity of palladium was found to be 34.5 mg g -1 . Finally, the feasibility of the proposed method for Pd(II) determination was assessed by analysis of certified reference materials, anodic slime and wastewater samples and satisfactory results were obtained. Cent. Eur. J. Chem. • 11(11) • 2013 • 1749 -1756 DOI: 10.2478 Separation of trace amounts palladium by SiO 2 /TiO 2 /Ce nanoparticles prior to flame atomic absorption spectrometry determination in anodic slime and wastewater samples determined directly even by the above techniques. Therefore, it is essential to separate palladium from matrix components and preconcentrate it in such cases. Among the available adsorbents, nanosized metal oxides (NMOs), including nanosized ferric oxides, manganese oxides, aluminum oxides, titanium oxides, magnesium oxides and cerium oxides, are classified as the promising ones for heavy metals removal from aqueous systems [14] [15] [16] . This is partly because of their large surface areas and high activities caused by the size quantization effect [17, 18] . Recent studies suggested that many NMOs such as TiO 2 exhibit very favorable sorption to heavy metals in terms of high capacity and selectivity, which would result in deep removal of toxic metals to meet increasingly strict regulations [19, 20] . Due to the nanometer TiO 2 are very fine, when the batch method is used for adsorption of metal ions, the nanoparticles is conglomerated and loss of activity. To resolve of this problem, the nanometer TiO 2 can be immobilized on the different supports. The nanometer TiO 2 can be prepared by coating the support materials with a TiO 2 sol by using sol-gel method [21] , and it has been applied as electrochemical solar cells, photo catalyst and chemical sensors [20] .
It is usual to add other atoms to titania in order to improve TiO 2 properties such as anatase phase and mesostructure stability, specific photoelectrochemical and catalytic performances. Doping with transition metal ions has also been proven to be a potential route for the improvement of photoactivity of TiO 2 [22] . Lanthanide ions are known for their ability to form complexes with various Lewis bases (e.g. amines, aldehydes, alcohols, thiols, etc.) in the interaction of these functional groups with the f-orbitals of lanthanides [23, 24] . Zhang [24] have reported that the incorporation of 1-5 mol% cerium or lanthanum ions dramatically improved alumina's thermal stability without altering the mesopore size.
In the current study SiO 2 /TiO 2 /Ce nanoparticles were produced after synthesizing separately and then mixing two sols (SiO2 and TiO2/Ce). The SiO 2 was obtained by the sol-gel method using tetraethoxysilane (TEOS) and 3-glycidoxypropyltrimethoxysilane (GPTMS) as the precursor. GPTMS is one of the most commonly used precursors for the preparation of inorganic-organic hybrid polymers [25, 26] Our goal in the current study was synthesis of SiO 2 / TiO 2 /Ce nanoparticles and its use as a new sorbent for separation and preconcentration of palladium prior to its determination by FAAS. Experimental parameters affecting the preconcentration of palladium, such as pH, sample flow rate and volume, eluent and interfering ions, were studied and optimized. Finally, the proposed method has been applied for the determination of trace amount of palladium in water, wastewater and anodic slime samples.
Experimental procedure

Apparatus
A SensAA GBC flame atomic absorption spectrometer (Dandenong, Australia), equipped with a palladium hollow cathode lamp and a deuterium lamp for background correction, was used. The hollow cathode lamp was operated at 5.0 mA and the wavelength was set at 242.8 nm. Acetylene flow rate and burner height were adjusted in order to obtain the maximum absorbance signal, while aspirating the analyte solution. A Metrohm 692 pH meter (Herisau, Switzerland) was used for pH measurements. An ultrasonic bath with temperature control (FALC instruments S.V.l Treviglio, Italy) model LBS2 was used to sonication of solution.
Reagents and solutions
All solutions were prepared from analytical grade chemical reagents and the water used in the process was obtained from a Milli-Q purification system (Millipore, Bedford, MA, USA). Before using, all laboratory glassware were kept overnight in a 10% (v/v) HNO 3 solution, in order to avoid any metal contamination. After that, they were rinsed with deionized water and submitted to a drying step. The stock solution of palladium at a concentration of 500.0 μg mL −1 was prepared by dissolving appropriate amount of PdCl 2 (Merck, Darmstadt) in 2 mol L −1 of HCl. Platinum-iridium alloy purchased from Fine Wire Company (CA, USA). The working reference solutions were obtained daily by stepwise dilution from stock solution. The solutions of alkali metal salt (1% w/v) and various metal salts (0.1% w/v) were used to study the interference of anions and cations, respectively. Phosphate buffer solution (H 2 PO 4 − /HPO 4 2− ) were prepared by mixing of appropriate volumes of 0.2 mol L −1 potassium dihydrogen phosphate and disodium hydrogen phosphate solutions for pH 8.5.
Synthesis of SiO 2 /TiO 2 /Ce nanoparticles
Preparation of Sol 1 (Synthesis of SiO 2 )
First of all, 2.0 mL tetraethoxysilane (TEOS), 2.0 mL of 2-propanol and 0.2 mL of 0.1 mol L −1 HNO 3 were mixed and were added to 1.5 mL of 3-glycidoxypropyltrimetho xysilane (GPTMS) in a beaker. The mixture was stirred for 30 min at room temperature.
Preparation of Sol 2 (Synthesis of TiO 2 /Ce)
At first, 0.75 mL of tetraisopropyl orthotitanate (TPOT: Ti(OC 3 H 7 ) 4 ), 0.25 mL of 2-propanol and 1.0 mL of acetyl acetate were mixed in a beaker and the resulting mixture was stirred for 20 min at room temperature in an ultra sonic bath. Then, 0.2 mL of 0.01 mol L −1 Ce(NO 3 ) 3 •6H 2 O in 0.1 mol L −1 HNO 3 were added to it and 60 min sonicated.
After preparation of sol 1 and sol 2, sol 1 was added slowly dropwise into the sol 2 and the mixture was sonicated for 60 min at room temperature. After this, the mixture was maintained 60 min at room temperature. Next, the solvent was slowly evaporated for a period of 3 h at 120°C. The gel obtained was ground and then stored.
Column preparation
One hundred mg of SiO 2 /TiO 2 /Ce nanoparticles was introduced into a microcolumn (20×3.0 mm i.d) plugged with a small portion of glass wool at both ends. Before use, 1.0 mol L −1 HNO 3 solution and deionized water were passed through the column in order to clean and its condition. Then, the column was conditioned to the desired pH with buffer solution.
SPE procedure
A portion of the sample solution (50 mL) containing Pd(II) ions was taken in a beaker and 2 mL phosphate buffer solution with pH 8.5 was added to it. It was then passed through the column with flow rate of 3 mL min -1 by using a peristaltic pump. The retained metal ions were eluted from the sorbent with 1.5 mL of 0.75 mol L -1 Na 2 S 2 O 3 with flow rate of 1 mL min -1 . The palladium in the eluent was determined by FAAS.
Sample preparation
In order to test the reliability of the proposed procedure for extraction and determination of palladium in the real samples, one platinum-iridium alloy, water samples and three anodic slime samples were analyzed. Platinumiridium alloy was prepared same as the previous work with some modification [32] . For this purpose, to 1.0 mg of alloy, 5 mL of aqua regia was added and the solution was evaporated. Five mL of concentrated hydrochloric acid was added to it and the solution was heated on a water bath at 90°C for 15 min. Then, the solution was cooled and made to 250.0 mL with deionized water in a calibrated flask.
The anodic slime samples were collected from copper factory in Sarcheshmeh area (Rafsanjan, Iran). The samples were dried at 120°C for 3 h, ground, passed through a sieve of 200 meshes and the homogenized. One gram of each sample was weighed accurately into a 100 mL beaker. In order to decompose it, 5 mL of aqua regia was added to the beaker and the mixture was heated almost to dryness on a water bath at 90°C. Then, 5 mL of aqua regia was added again to the residue and the mixture was evaporated to dryness on a water bath at 90°C. The insoluble part was filtered through a filter paper (blue band) and washed with deionized water. The pH was adjusted to 8 and the total volume was made up to 250.0 mL with deionized water in calibrated flaks.
River water and wastewater samples were collected in acid leached polyethylene bottles. River water sample was collected from Kohpayeh (Kerman, Iran) and wastewater samples were collected from copper factory in Sarcheshmeh area (Rafsanjan, Iran) and Bahonar copper factory in Kerman. The only pretreatment was acidification to pH 2 with nitric acid, which was performed immediately after collection, in order to prevent adsorption of the metal ions on the flask walls. The samples were filtered before analyses through a cellulose membrane (Millipore, Bedford, MA, USA) and the pH was adjusted to 8.
Results and discussion
Characterization of immobilized nanometer TiO 2
The synthesized material was characterized by transmission electron microscope (TEM) and X-ray diffraction (XRD) method. Firstly, it was investigated that whether the material has nano size or not. For this purpose, TEM images of the material were obtained. As can be seen from the TEM images, SiO 2 /TiO 2 /Ce nanoparticles are very fine and the grain size is below 100 nm (Fig. 1) .
To obtain information on the crystal structure of the SiO 2 /TiO 2 /Ce nanoparticles, X-ray diffraction patterns were measured. Fig. 2 shows the high-angle XRD patterns of prepared SiO 2 /TiO 2 /Ce nanoparticles. According to the XRD pattern, the nanoparticles are identified as crystalline. It can be seen that the synthesized new nanoparticles consisted mainly of 
Effect of pH on adsorption
The pH plays an important role on the adsorption of ions on oxide surfaces. The distribution of active sites on the surface of TiO 2 can be influenced by pH solution [28] . At high pHs, the OH − on the sorbent can adsorbed cations, but, in the low pHs, the surface charge is neutralized and OH − is removed from the surface, therefore the adsorption of cations is decreased onto TiO 2 .
In order to examination of pH, the pH of sample solutions was adjusted in the pH range 3-11 by using HNO 3 and NaOH solutions. The results of the effect of pH on the recoveries of studied ions are shown in Fig. 3 . The results showed that, quantitative recovery of Pd(II) ions were obtained at the pH range of 8-9. With respect to these results, pH 8.5 was selected as the compromise condition.
Effect of eluent type, concentration and volume
Another important factor which affects the SPE procedure is the type, volume and concentration of the eluent used for removal of the analyte ions from the sorbent. The eluent solvent should fulfill the following requirements: (i) the eluent should desorb the metals complexes; (ii) the eluent should not destroy the sorbent; and (iii) the eluent should be suitable for the subsequent determination technique [34] . Optimization of the elution conditions were performed in order to obtain the maximum recovery with the minimal concentration and volume of the eluent. For this purpose, various inorganic solvents (1.5 mL) were tested to choose the best solution for the elution of the palladium ions accumulated on nanoparticles, and the recovery percentage was determined. The results are shown in Table 1 . As can be seen, the analyte ions were quantitatively eluted from the sorbent with 1.5 mL of thiosulphate 0.75 mol L -1 . Therefore, 1.5 mL of 0.75 mol L -1 S 2 O 3 2-was used in all subsequent experiments.
After this, the experiments were carried out for selecting the concentration of thiosulphate solution. For this purpose, thiosulphate solutions at the concentrations of 0.25, 0.5, 0.75, 1.0 and 2.0 mol L -1 were studied. The results are given in Table 1 and further concentration of thiosulphate solution has no effect on the recovery percent. Therefore, Na 2 S 2 O 3 0.75 mol L -1 solution was selected for further experiments.
For further enhancing the sensitivity and the preconcentration factor of the method should low volume of eluent was used. For this purpose, the effect of eluent volume on the desorption of the palladium ions at a concentration of 0.75 mol L -1 has been studied by keeping eluent concentration of 0.75 mol L -1 and varying its volumes from 0.5 to 3.0 mL. The experimental results indicated that with 1.0 mL Na 2 S 2 O 3 0.75 mol L -1 , quantitative recoveries were obtained. With respect to these results, 1.5 mL thiosulphate was used in all subsequent experiments.
Effect of flow rate
The retention of an element on an adsorbent and it's desorption also depends on the flow rate of the sample and eluent solutions. For this purpose, the effect of flow rate of sample and eluent solutions on the retention and recovery of the palladium ions on nanoparticles; were investigated. The flow rates were adjusted, by connecting the adsorbing column to a flask; which had a controllable vacuum. At first, the sample flow rate was varied from 0.5 -5 mL min -1 . It was found that flow rates from 0.5 -4.0 mL min -1 did not affect retention. Therefore, a flow rate of 3 mL min -1 was selected in all subsequent experiments.
Also, the eluent flow rate was varied from 0.5 -3 mL min -1 . It was found that flow rates from 0.5 -1.5 mL min -1 did not affect desorption. Therefore, a flow rate of 1 mL min -1 was selected in all subsequent experiments.
Effect of sample volume
The breakthrough volume is an important parameter in SPE because breakthrough volume represents the sample volume that can be preconcentrated without loss of analyte during elution of the sample. In order to explore of breakthrough volume, 5.0 μg of palladium was given and the volume of the aqueous phase was varied in the range from 25-1400 mL and were processed according to the SPE procedure. It was observed that the absorbance was almost constant at up to 1200 mL of the aqueous phase. With respect to eluent volume (1.5 mL), preconcentration factor (the ratio of the highest sample volume, to the lowest eluent volume) 800 was obtained.
Sorption capacity of the nanoparticles
In this work, Langmuir model was used to describe the relationship between the amount of Pd(II) ions adsorbed and its equilibrium concentration in solution for 30 min. The sorption isotherm was determined at room temperature for a concentration range of 50-300 mg L −1 . In all experiments 0.25 g of adsorbent was used. The main assumption of the Langmuir method is that adsorption occurs uniformly on the active part of the surface, and when a molecule is adsorbed on an active site, the other molecules could not be interacted with this active.
The Langmuir equation may be written as: 
Where q e is the amount of solute adsorbed per unit weight of adsorbent (mg g -1 ) and C e is the equilibrium concentration of solute in the bulk solution (mg L -1 ) while Q 0 is the monolayer adsorption capacity (mg g -1 ) and b is the constant related to the free energy of adsorption. The constants of the Langmuir isotherm are obtained by plotting ; final solution, 1.5 mL of 0.75 mol L -1 Na 2 S 2 O 3, nanoparticles; 100 mg, reference, reagent blank. Separation of trace amounts palladium by SiO 2 /TiO 2 /Ce nanoparticles prior to flame atomic absorption spectrometry determination in anodic slime and wastewater samples regression equation of Langmuir isotherm (A= 0.029C+ 0.149; R 2 =0.987), adsorption capacity of palladium on nanoparticles was 34.5 mg g -1 .
Column reuse
The stability and potential regeneration of the column were investigated. The column can be reused after regenerated with 10 mL distilled water, and stable up to at least 30 adsorption-elution cycles without obviously decrease in the recoveries for the palladium ions.
Effect of foreign ions
In view of the high selectivity provided by flame atomic absorption spectrometry, the only interference; may be attributed to the preconcentration step. Natural water samples contain commonly alkali, alkaline earth and some transition element salts. Therefore, the effects of some anions and cations at various concentrations on the recovery of the palladium ions were studied. To perform this study, various ions were added individually to solutions containing 5.0 µg of palladium ions, and the SPE procedure was applied. The tolerance limit was set; as the concentration of the foreign ion required to cause ±5% error. The results obtained are given in Table 2 . The results demonstrate, that the presence of large amounts of species commonly present in water samples; have no significant effect on the extraction of palladium ions. Thus, the proposed method is selective and can be used for the determination of palladium ions in complex samples, without any prior separation.
Analytical figures of merit
Under the optimized conditions, calibration curve was constructed for the determination of palladium according to SPE procedure. Linearity was maintained between 0.004 to 1.0 mg mL -1 in the initial solution with correlation coefficients of 0.9985 (A = 0.446 C + 0.003 where A is the absorbance value of the eluent and C is the concentration of palladium (µg mL −1 )). The detection limit of this method, evaluated as the concentration corresponding to three times the standard deviation of eight replicate measurements of blank solution divided by the slope of analytical curve (3S b /m) was 2.3 ng mL −1 . The precision of this method (RSD %), examined by seven replicate measurements of 0.25 mg mL -1 of palladium model solutions, was found to be 1.7%. The enrichment factor was calculated as the ratio of the analytical signal of palladium obtained after and before extraction. The enrichment factor (EF) was 34.4 for 50.0 mL sample solution.
Accuracy check of the SPE procedure
The accuracy of the SPE procedure was checked to the determination of palladium in one Platinum-iridium alloy. An aliquot of the prepared sample solution was taken and palladium was determined after the SPE procedure. It was found that there is no significant difference at the 95% confidence level between results obtained by the SPE procedure (3.61±0.14%) and the certified value (3.5%).
Applicability of the SPE procedure
In order to test the reliability of the proposed SPE procedure for extraction and determination of palladium in the real samples, anodic slime sample, wastewater and river water samples were analyzed. Also, the recovery of palladium ions from samples spiked with Pd(II) ions were studied. The results are given in Tables 3 and 4 . The results were shown that, the added palladium can be quantitatively recovered from the all samples by the SPE procedure. These results demonstrate the applicability of the SPE procedure for palladium determination in water, wastewater and anodic slime samples. 
Comparison of SPE procedure with the other reported methods
A comparison of SPE procedure method with other reported extraction methods, for palladium extraction, is given in Table 5 [ 2, 32, [35] [36] [37] [38] [39] [40] . The detection limit obtained, using the SPE procedure, was better than some of the other reported methods [2, 36, 38, 39] . Based on the results shown in Table 5 , the linear range of the SPE procedure was wider than some of the other reported methods [2, 36, 37] . The relative standard deviation of the SPE procedure was lower than some of the other reported methods [2, [36] [37] [38] 40] .
Conclusions
The aim of this study was to develop a suitable sorbent for the separation and preconcentration of trace amounts of palladium ions in various samples, with a recovery rate of better than 95%. It can be concluded from the results that SiO 2 /TiO 2 /Ce nanoparticle is an effective sorbent for trace amounts of palladium and can be used for its preconcentration from water, wastewater and anodic slime samples. The SPE procedure has the following advantages: it is simple, rapid, reproducible, and has a high enrichment factor (800) and low analysis cost. The Separation of trace amounts palladium by SiO 2 /TiO 2 /Ce nanoparticles prior to flame atomic absorption spectrometry determination in anodic slime and wastewater samples reusability of the sorbent was greater than 30 cycles; without any loss in its sorption behavior. The precision and accuracy were satisfactory. The method can be successfully applied to the separation, preconcentration and determination of palladium in water, wastewater and anodic slime samples.
